INTRODUCTION
Aminoacyl tRNA synthetases are a structurally diverse family of enzymes that catalyse the addition of amino acids to their cognate tRNA molecules (I). Each enzyme possesses absolute specificity for an individual amino acid and its respective tRNA molecules (2) . They can be divided equally into two groups, class I and class II, based on the presence of short conserved amino acid sequence motifs and at the functional level where class I synthetases acylate the 2'-hydroxyl group on the last nucleotide of the tRNA whereas class II synthetases acylate the 3'-hydroxyl group (3) . The glycyl tRNA synthetases (GlyRS), class II enzymes, of Escherichia coli (4) , Bombyx mori (5) and recently Saccharomyces cerevisiae (6) have been reported. Unlike other tRNA synthetases, no apparent homology exists between the eukaryotic and prokaryotic GlyRSs and suggests that the enzymes did not evolve from a common ancestor. During the course of studies using PCR-based subtractive hybridisation, we identified a cDNA fragment with homology to B.mori GlyRS. This study reports the characterisation of the cDNA encoded by this fragment and provides evidence that it encodes human GlyRS.
MATERIALS AND METHODS

Materials
Restriction endonucleases and modification enzymes were from Promega Corporation (Madison, WI) or Boehringer Mannheim (GmbH Biochimica, Mannheim, Germany). A 22 amino acid peptide, comprising residues 429-450 of the predicted sequence of GlyRS (EKPLKEPKTVNVVQFEPSKGAI), was synthesised and coupled to keyhole limpet hemacyanin (KLH) via a C-terminal GGC tag by John Fecondo at Swinbourne University (Victoria, Australia). EJ serum, which possesses an autoantibody against human GlyRS (7), was a gift from Dr Ira Targoff, Oklahoma Medical Research Foundation (Oklahoma City, OK).
cDNA libraries
A directional cDNA library in the plasmid vector pT7T3D (Pharmacia LKB Biotechnology, Uppsala, Sweden) was constructed using the Time-Saver cDNA synthesis kit (Pharmacia) and poly(A) + RNA isolated from cultured human mesangial cells. The primary library had 2 x 10 6 c.f.u. with an average insert size of 1 kb. A fetal liver 5'-stretch cDNA library in Xgtll was purchased from Clontech Laboratories, Inc. (Palo Alto, CA).
Molecular cloning of the human GlyRS gene
Molecular biological methods were according to Sambrook et al. (8) . Inserts isolated from A.gtll clones were subcloned into pT7T3 for double-stranded DNA sequencing using the Sequenase 2.0 sequencing kit (Amersham International pic, Buckinghamshire, UK). Sequence overlaps were identified, assembled and analysed using the AssemblyLign/MacVector software package (Kodak Scientific Imaging Systems, Newhaven, CT). Multiple sequence alignments were performed using the Clustal V package (9) .
Expression of GlyRS as a bacterial fusion protein
The GlyRS coding region was subcloned into the PinPoint Xa-3 bacteria] expression vector (Promega) and transformed into E.coli strain JM 109. Afresh overnight culture of PinPoint/GlyRS *To whom correspondence should be addressed at present address: Department of Biochemistry. Royal Perth Hospital. GPO Box X22I3. Perth. WA 6001. Australia transformed E.coli (JM 109) was diluted 1 in 20 with LB medium containing ampicillin (100 (ig/ml) and biotin (2 |iM). After growth at 37 °C for 2 h, the culture was induced with IFTG (0.1 mM) and grown at 24°C for a further 5 h. The cells were harvested by centrifugation at 3200 g for 10 min and resuspended in 0.1 vol. ice-cold bacterial lysis buffer (20 mM Tris-HCl, pH 7.5; 50 mM NaCl; 5% w/v glycerol). The cell suspension was sonicated, centrifuged at 10 000 g for 10 min at 4°C to remove bacterial debris and the supernatant used directly in aminoacylation assays and Western blots, or stored at -70°C without loss of activity.
Detection of fusion protein by Western blot
Bacterial extracts were boiled for 3 min in reducing sample buffer (62 mM Tris-HCl, pH 6.8,0.2% SDS, 50 mM dithiothreitol, 10% glycerol), separated electrophoretically on a 10% SDS polyacrylamide gel and transferred to nitrocellulose membranes. The membranes were blocked with TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween 20) for 30 min and biotinylated species were detected by incubation with a streptavidin-peroxidase conjugate (DAKO AS, Glostrup, Denmark) diluted 1 in 15 000 in TBST for 30 min at room temperature. The membranes were washed 3x5 min with TBST, ECL Western blotting detection substrate (Amersham) was added for 1 min and the filter was exposed to autoradiography film (10-60 s).
Production of anti-peptide antiserum
Four New Zealand white rabbits were immunised with 200 |ig of KLH-coupled GlyRS peptide three times at 4 week intervals (10) . Anti-peptide titre was determined by ELISA against uncoupled peptide. After the third immunisation, rabbits were sacrificed and whole serum was obtained.
Immunoprecipitation
Polyclonal rabbit antiserum (10 \i\) or EJ serum (10 H. 1) was bound to Protein-G Sepharose (25 ^1) (Pharmacia) in TBS at 4°C for 60 min. Sepharose beads were washed three times by resuspension in lysis buffer and centrifugation. The pellets were resuspended in bacterial extract (100 (il ) and incubated for 60 min at 4°C. After washing four times with lysis buffer, the pellets were resuspended in reducing sample buffer. Samples were separated electrophoretically and immunoprecipitated species detected by Western blot using streptavidin-peroxidase conjugate as described above.
Aminoacylation assay
The aminoacylation assay was based on the method of Dignam (11) . The reaction mixture consisted of 20 mM Tris-HCl pH 7.5, 5 mM ATP, 10 mM Mg-acetate, 1 mM EDTA, 5 mg/ml bovine tRNA (Boehringer Mannheim), 0.05 mg/ml bovine serum albumin, 0.5 u,Ci [ 14 C]-glycine (56 u.Ci/mmol; Amersham) and bacterial extract (10 (ig) in a final reaction volume of 25 ul The reaction was started by the addition of bacterial extract and incubated at 30°C. After 5 and 10 min, aliquots (10 uJ) were removed and spotted onto 1 cm squares of Whatmann 3MM paper. The filters were washed once in ice-cold 10% trichloroacetic acid (TCA) for 15 min, twice in ice-cold 5% TCA for 15 min each, rinsed in 95% ethanol and air dried. The incorporated radioactivity was determined using a Packard 1600CA Liquid Scintillation Analyser and Opti-fluor 0 scintillation cocktail (Canberra Instruments and Chemical Operations, Groningen, The Netherlands).
RESULTS
Cloning and sequencing of human GlyRS
A 320 bp cDNA species (clone B26) was isolated using a PCR-based subtractive hybridisation protocol designed to identify cytokine sensitive genes in cultured human mesangial cells (details will be presented elsewhere). Clone B26 detected a 2.6 kb mRNA species as determined by Northern blot analysis of RNA extracted from cultured human mesangial cells. A search of the nucleotide databases with the sequence of B26 revealed 60% homology to the gene encoding B.mori (silk moth) glycine tRNA synthetase but had no significant homology to any other registered species. Clone B26 was used as a probe to screen a human mesangial cDNA library and subsequently a human fetal liver 5'-stretch cDNA stretch in order to isolate the full length gene encoded by B26. The assembled cDNA sequence comprises 2462 nt with a large predicted open reading frame (ORF) of 2055 nt. This ORF encodes for a protein of 685 amino acids with a predicted M r = 77 507 Da The initiation codon at position 365 is in excellent context (AgCATGG) for initiation of translation as predicted by Kozak (12) , where a purine at position -3 (usually adenine) and a guanidine at +4 are the most highly conserved residues. The TGA termination codon at position 2420 is followed by a canonical AATAAA polyadenylation signal at position 2456. There is a small ORF encoding a peptide of 47 amino acids contained entirely in the region 5' to the predicted ORF. The initiation codon for this ORF at position 135 is also in good context (AtCATGc) for initiation of translation which suggests that translation of this ORF may precede that of GlyRS. (GenBank accession number UO951O). Figure 2 . Multiple sequence alignments of human (grshs), B.mori (grsbm) and S.cerevisiae (grssc) glycine tRNA synthetases. Asterisks (*) represent identical residues in all three enzymes, dots (.) represent conservatively changed residues. The over-lined region represents the region of B.mori GlyRS with homology to other synthetases. Motif 2 and motif 3, characteristic of class II tRNA synthetases, are boxed. The synthetic peptide used to generate rabbit polyclonal serum is shown in bold in grshs.
Bacterial expression of the GlyRS gene product
The cDNA encoding the large predicted ORF of GlyRS was subcloned into the bacterial expression vector PinPoint Xa-3 (Promega). Expression of the PinPoint/GlyRS fusion protein resulted in a 90 kDa biotinylated species detected by SDS-PAGE and Western blot analysis (Fig. 1, lane 1) . This recombinant protein comprises an N-terminal 13 kDa biotinylated fusion tag coupled to GlyRS (-77 kDa). The apparent molecular weight of the fusion protein is in good agreement with the predicted molecular weight of the GlyRS gene product (77 507 Da) and the observed size of human GlyRS (75-80 kDa) as determined by immunoprecipitation of 35 S-labelled HeLa cell extracts with EJ serum (7, 13) . The 90 kDa biotinylated GlyRS fusion protein was immunoprecipitated from bacterial extract with EJ serum and polyclonal rabbit serum from rabbits immunised with a synthetic peptide corresponding to residues 429-450 of the predicted ORF, but not with normal human serum or pre-immune rabbit serum (Fig. 1, lanes 2-8) .
Functional analysis of the bacterial fusion protein
To confirm the identity of the GlyRS gene product, crude bacterial extracts were assayed for their ability to catalyse the specific aminoacylation of bovine tRNA with [ l4 C]-glycine. Extracts containing the GlyRS fusion protein had -10-fold greater aminoacylation activity than did similarly prepared E.coli extract containing only the 13 kDa PinPoint fusion tag. Background TCA precipitated radioactivity was determined utilising GlyRS extracts that had been boiled for 10 min to destroy enzyme activity.
DISCUSSION
The sequence reported is that of human GlyRS because: (i) it shares 60% amino acid sequence homology to B.mori GlyRS, (ii) the fusion protein was immunoprecipitated by a human autoantibody against GlyRS (EJ serum) and (iii) the fusion protein significantly increased the ability of bacterial lysates to aminoacylate gly-tRNA.
The amino acid sequence of human GlyRS has 60 and 45% homology to B.mori GlyRS (5) and the recently deduced S.cerevisiae GlyRS (6), respectively, but lacks any significant homology to the bacterial enzyme (4). Multiple sequence alignment of human, B.mori and S.cerevisiae GlyRS reveals that the GlyRS sequences of all three species contain motif 2 and motif 3 characteristic of class II tRNA synthetases (Fig. 2, boxed  regions) . A region resembling motif 1 could not be identified. There are also alignments over the remainder of the three GlyRS enzymes that show large, very highly conserved stretches of amino acids which would suggest that these regions may also be critical for glycine tRNA synthetase activity.
Human GlyRS, but not S.cerevisiae GlyRS, contains the N-terminal region (over-lined region in Fig. 2 ), identified by Nada et al. in B.mori GlyRS with significant homology to other synthetases (human HisRS, human and D.melanogaster GluRS, and bovine TrpRS) (5). The region identified by Nada et al. is therefore peculiar to a sub-group of synthetases from higher eukaryotes, and may have a function unrelated to synthetase activity. Fragments of the GluRS containing this motif have been shown to bind sequence in the 3'-untranslated region of the GluRS mRNA (14) . One possible function of this motif may be in post-transcriptional regulation of tRNA synthetases, as has been suggested for regulation of GluRS expression in rat salivary glands by isoproterenol (15) .
Analysis of the fetal liver cDNA encoding human GlyRS identified an ORF encoding 47 amino acids contained entirely 5' to the GlyRS reading frame. The presence of a short upstream ORF usually reduces the translation efficiency of the downstream ORF (reviewed in 12). In addition, the presence of upstream initiation codons may indicate the possibility of some sort of regulation, such as promoter switching or regulated splicing. Primer extension studies with mesangial cell RNA show a complex series of products, with several predicted to-extend beyond the smaller ORF. Analysis of genomic DNA has confirmed the presence of this small ORF immediately 5' to the ORF encoding GlyRS with no intervening introns or splicing sequences (to be published elsewhere). Preliminary studiesjn this laboratory have shown levels of GlyRS mRNA to be increased in mesangial cells following TGF-P stimulation. In addition, increased activity of GlyRS has been observed in rat salivary glands following isoproterenol treatment (15) . These observations suggest that, in mammals, GlyRS expression may be regulated in response to increased gly-tRNA requirement. Further studies of the 5'-untransIated region of GlyRS may lead to an understanding of the basis for, and the mechanism of such regulation.
